Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is the third cause of cancer-related death in the world, and more than 110,000 patients are diagnosed in China every year.^[@ref1],[@ref2]^ Although surgical resection and transplantation have significantly improved the survival in patients with small tumors, the prognosis of HCC for late-stage diseases remains very poor.^[@ref3]^ Besides, most patients presenting with advanced disease upon diagnosis are not eligible for surgery and have to seek drug treatment. The current chemotherapeutics for HCC, such as sorafenib and doxorubicin, are rather limited due to severe side effects or lack of efficacy.^[@ref4],[@ref5]^ Therefore, improvement of chemotherapeutic properties is an urgent need. The HCC targeted drug delivery system (TDDS), which specifically delivers chemotherapeutic drugs to HCC and subsequently reduces the side effects, is a new strategy for HCC treatment.^[@ref6],[@ref7]^

Licorice is extensively utilized as a flavoring and sweetening agent, as well as a hepatic-protective drug in the tobacco, food, and pharmaceutical industries.^[@ref8]^ It has various bioactivities and mainly contains triterpene saponins, especially glycyrrhizic acid and its aglycone glycyrrhetinic acid (GA).^[@ref9],[@ref10]^ Nowadays, GA has been demonstrated to have potential anticancer effects by inhibition of proliferation, induction of apoptosis and cell cycle arrest, and blockage of metastasis in of cancer cell lines, such as HCC HepG2 cells,^[@ref11]^ breast cancer MCF7 cells,^[@ref12]^ and colon cancer HT-29 cells.^[@ref13]^ Furthermore, GA has been widely utilized in HCC TDDS due to the highly expressed target binding sites in liver cells,^[@ref14]^ and numerous HCC TDDS that utilize GA have been developed, such as GA-modified alginate doxorubicin nanoparticles,^[@ref7]^ GA-modified chitosan 5-fluorouracil nanoparticles,^[@ref15]^ GA-modified galactosyl-chitosan 5-fluorouracil nanoparticles,^[@ref16]^ and GA-modified liposome docetaxel nanoparticles.^[@ref17]^ These nanoparticles can not only obviously increase the HCC accumulation of chemotherapeutic drugs but also decrease the dosage and side effects of chemotherapeutics.^[@ref7],[@ref16]^

Autophagy, also termed as self-cannibalization, is a mechanism that involves cell degradation of unnecessary or dysfunctional cellular components through the actions of lysosomes.^[@ref18],[@ref19]^ In the initiation of tumors, autophagy inhibits tumor formation by degradation of damaged organelles or proteins.^[@ref20]^ However, after tumor formation, the tumors can utilize the autophagy as a survival mechanism to ensure growth advantage of cancer cells in a hypoxia, starvation, and acid environment.^[@ref21]^ Herein, we confirmed that GA induced autophagy in HCC cells by activation of extracellular regulated protein kinases (ERK), and inhibition of autophagy or ERK activation, GA-induced proliferative inhibition, and apoptosis were enhanced. Our study suggested that the GA triggered autophagic effect may attenuate the anticancer efficiency of GA or chemotherapeutic drugs loaded with GA-modified TDDS and requires further evaluation.

Materials and Methods {#sec2}
=====================

Reagents {#sec2.1}
--------

GA was obtained from National Institutes for Food and Drug Control (Shenzhen, Guangdong, China). Monodansylcadaverine (MDC), chloroquine (CQ), bafilomycin A1 (BAF), and dimethyl sulfoxide (DMSO) were obtained from Sigma (St. Louis, MO, USA). PD98059 and U0126 were purchased from Beyotime Biotechnology Corp. (Shanghai, China). A Cytotoxicity Detection Kit (lactate dehydrogenase, LDH) was obtained from Roche Diagnostics (Mannheim, Germany). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Molecular Probes (Eugene, OR, USA). Dulbecco's modified Eagle's medium (DMEM) medium, fetal bovine serum (FBS), antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin), and phosphate-buffered saline (PBS) were purchased from Gibco (Carlsbad, CA, USA). Primary antibodies, that is, microtubule-associated protein light-chain 3 (LC3), ERK, p-ERK (Thr202/Tyr204), Bax, cleaved caspase-3, cleaved caspase-9, and GAPDH, and the secondary antibodies were purchased from Cell Signaling Technology Inc. (Beverly, MA, USA).

Cell Culture {#sec2.2}
------------

Hepatocellular carcinoma HepG2 and Hep3B cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA) and cultured in a DMEM supplemented with 10% (v/v) FBS and 1% (v/v) antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin). Cells were cultured in a 5% CO~2~ incubator at 37 °C. Exponentially growing cells were used in the experiments.

MTT Assay {#sec2.3}
---------

Cell viability was examined by the MTT assay. Exponentially growing HepG2 cells were seeded onto 96-well plates. Upon reaching approximately 70--80%, cells were incubated with a series of concentrations of the test compounds. Then, cell viability was determined by incubating the cells in a medium containing 1 mg/mL MTT for 4 h before 100 μL of DMSO was added to solubilize the formazan. The absorbance at 570 nm was measured with a microplate reader (PerkinElmer, 1420 Multilabel Counter Victor3, Wellesley, MA, USA).

LDH Assay {#sec2.4}
---------

HepG2 cells were cultured to 70--80% concentration on 96-well plates and then treated with the indicated concentrations of GA for 24 h. The cellular toxicity was studied by detection of the LDH released into the incubation medium by the cytotoxicity detection kit according to the manufacturer's instructions.

MDC Staining {#sec2.5}
------------

The autofluorescent agent MDC (excitation, 360 nm; emission, 535 nm) was utilized to evaluate the abundance of acidic vesicular organelles (AVOs) in the cells because it can accumulate in AVOs and exhibit fluoresced bright green dots.^[@ref22]^ For qualitative analysis, cells were seeded onto 96-well plates, treated with indicated concentrations of GA for 24 h and stained with 50 μM MDC in PBS for 30 min. Cells were washed with PBS three times and immediately analyzed using In Cell Analyzer 2000 imaging system (GE Healthcare, Uppsala, Sweden). For qualitative analysis, cells were seeded onto 24-well plates and treated with a series of concentrations of the test compounds. Then, cells were stained with 50 μM MDC in PBS for 30 min. After washed with PBS three times, the mean fluorescence intensities of the cells were determined with a flow cytometer (Becton Dickinson FACS CantoTM, BD Biosciences, San Jose, USA).

Transmission Electron Microscopy (TEM) Assay {#sec2.6}
--------------------------------------------

After treatment or not with 40 μM GA for 24 h, the cells were harvested and washed with PBS and then fixed in ice-cold 2.5% glutaraldehyde for 1 h. After being washed with PBS three times for 15 min, cells were postfixed in 1% OsO~4~ for 1 h and stained with 2% uranyl acetate for 30 min at room temperature. Then cells were dehydrated through a graded series of ethanol (50, 70, and 90%) for 15 min each, ethanol (100%) for 20 min, and 100% acetone for 20 min, respectively, and embedded in Epon812. Ultrathin sections (120 nm) were obtained before staining with 2% uranyl acetate for 20 min and lead citrate for 5 min and then examined using a TECNAI 10 transmission electron microscope (Phillips, Eindhoven, The Netherlands) at high voltage of 80 kV.

Western Blot Analysis {#sec2.7}
---------------------

Proteins were extracted with a radioimmunoprecipitation lysis buffer containing 1% phenylmethanesulfonyl fluoride and 1% protease inhibitor cocktail for 25 min. The protein concentrations were measured with a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Equal amounts of proteins were separated using sodium dodecyl sulfate--polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane, which was blocked in 5% nonfat dried milk for 1 h. The membranes were probed with specific primary antibodies against LC3, p-ERK (Thr202/Tyr204), ERK, Bax, cleaved caspase-3, cleaved caspase-9, and GAPDH followed by incubation with the corresponding secondary antibodies. The specific protein bands were detected with an ECL advanced Western blot analysis detection kit (BD Biosciences, Bedford, MA, USA).

Statistical Analysis {#sec2.8}
--------------------

The mean ± standard deviation (SD) was determined for each group. Statistical analysis was performed with one-way analysis of variance (ANOVA) and Tukey's test. Differences were considered statistically significant for (∗) *P* \< 0.05 and (∗∗) *P* \< 0.01.

Results {#sec3}
=======

GA Reduced the Cell Viability, Enhanced LDH Release, and Increased the Expression of Bax, Cleaved Caspase-3, and LC3-II in HCC Cells {#sec3.1}
------------------------------------------------------------------------------------------------------------------------------------

First, the MTT assay was used to evaluate the cell viability. As shown in Figure [1](#fig1){ref-type="fig"}A, the cell viability of HepG2 cells was concentration- and time-dependently reduced after GA treatment. After treatment with 40 μM GA for 24 and 48 h, 71 and 55% HepG2 cells survived, respectively. We also found that GA increased LDH release into the medium in a concentration-dependent manner (Figure [1](#fig1){ref-type="fig"}B), indicating that necrosis has occurred.^[@ref23]^ The apoptosis-related proteins, such as Bax and cleaved caspase-3, were also obviously enhanced after GA treatment (Figure [1](#fig1){ref-type="fig"}C), which was similar to a previous study.^[@ref11]^ Besides, the expression of LC3-II, which correlates with the number of autophagosomes,^[@ref24]^ was concentration-dependently up-regulated after GA treatment (Figure [1](#fig1){ref-type="fig"}D).

![GA reduced the cell viability, enhanced LDH release, and increased the expression of Bax, cleaved caspase-3, and LC3-II in HCC cells. (A) Cells were treated with indicated concentrations of GA for 24 or 48 h. The cell viability was evaluated by MTT assay. (∗) *P* \< 0.05 and (∗∗) *P* \< 0.01, compared with 0 μM GA treatment. (B) Cells were treated with 0, 20, 40, and 60 μM GA for 24 h, and the LDH assay was performed according to the manufacturer. (∗) *P* \< 0.05 and (∗∗) *P* \< 0.01, compared with 0 μM GA treatment. (C, D) HepG2 cells were treated with indicated dosages of GA for 24 h. Cell extracts were analyzed for the expression levels of Bax, cleaved caspase-3, and LC3 by Western blot analysis.](jf-2014-03968k_0001){#fig1}

GA Triggered Autophagy in HCC Cells {#sec3.2}
-----------------------------------

To further confirm GA-triggered autophagy in HepG2 cells, multiple approaches were used. As AVOs are a hallmark of autophagy,^[@ref25]^ we initially evaluated the generation of AVOs by autofluorescent agent MDC, which accumulates in AVOs and fluoresces bright green dots.^[@ref22],[@ref26]^ The formation of AVOs in HepG2 cells was enhanced after treatment with various concentrations of GA for 24 h as evidenced by obvious green dot formation, whereas the control cells exhibited faint fluorescence only (Figure [2](#fig2){ref-type="fig"}A). The GA-mediated AVO accumulation was also quantified using flow cytometry; GA concentration-dependently increased fluorescence intensity in HepG2 cells after 24 h of treatment. The 40 μM GA-treated cells exhibited an approximately 1.57-fold increase in fluorescence intensity compared with that of the control group (Figure [2](#fig2){ref-type="fig"}B,C), which was consistent with morphological observations, suggesting that GA truly induces AVO production in HepG2 cells. Another traditional and classical method for autophagy observation is transmission electron microscopy (TEM) analysis.^[@ref27]^ Herein, the TEM experiment was performed to confirm the formation of AVOs after GA treatment in HepG2 cells. As shown in Figure [3](#fig3){ref-type="fig"}, more AVOs were developed in the GA-treated group than in the control group. To further study GA-induced autophagic flux in HepG2 cells, two autophagy inhibitors, that is, chloroquine (CQ) and bafilomycin A1 (BAF), which cause accumulation of LC3-II protein by blocking the fusion between autophagosome and lysosome or suppressing the acidification of the lysosome,^[@ref27]^ were used. After pretreatment with CQ (10 μM) or BAF (100 nM), the GA-induced up-regulation of LC3-II was more prominent than in nontreated cells (Figure [4](#fig4){ref-type="fig"}B), indicating that GA induces autophagic flux in HepG2 cells. GA-triggered autophagy was also confirmed in HCC Hep3B cells as evidenced by GA concentration-dependently increased expression of LC3-II ([Supporting Information](#notes-2){ref-type="notes"} Supplemental Figure 1). Taken together, these data collectively indicate that GA triggers autophagy in HCC cells.

![GA -triggered autophagy in HepG2 cells by MDC staining. (A) HepG2 cells were treated with GA at indicated concentrations for 24 h. The cells were collected, washed with PBS, and incubated with 50 μM MDC probe for 30 min. AVOs (bright green dots) in HepG2 cells were imaged with a fluorescent microscope. (B) The treated cells were stained with 50 μM MDC probe for 30 min, collected, washed, and resuspended. The intracellular fluorescence was quantified using flow cytometry. (C) Statistical result of three independent tests of (B). Data represent the mean ± SD, and one-way ANOVA was performed to evaluate the significance of different treatment. (∗) *P* \< 0.05 and (∗∗) *P* \< 0.01, compared with 0 μM GA treatment.](jf-2014-03968k_0002){#fig2}

![GA-triggered autophagy in HepG2 cells by TEM observation. HepG2 cells were treated with 40 μM GA or vehicle control for 24 h. Cells were collected, fixed, and observed under a TEM.](jf-2014-03968k_0003){#fig3}

![GA-triggered autophagic flux in HepG2 cells by Western blot analysis. HepG2 cells were incubated in 40 μM GA for 24 h with or without pretreatment of CQ (10 μM, 1 h) or BAF (100 nM, 1 h). Cell extracts were analyzed for LC3 expression levels using Western blot analysis.](jf-2014-03968k_0004){#fig4}

GA-Triggered Protective Autophagy in HCC Cells {#sec3.3}
----------------------------------------------

Natural compound-induced autophagy may be either pro-survival or pro-death in cancer therapy.^[@ref28],[@ref29]^ Herein, to clarify the effect of GA-induced autophagy in HCC cells, we evaluated the GA-mediated cell survival and apoptosis in cells pretreated with the autophagy inhibitors CQ (10 μM, 1 h) or BAF (100 nM, 1 h). MTT results indicated that survival rates of GA-treated HepG2 cells were decreased from 69.79 to 46.09 or 22.13% via pretreatment with CQ or BAF, respectively (Figure [5](#fig5){ref-type="fig"}A). Western blot analysis indicated that pretreatment with CQ or BAF obviously enhanced the protein levels of cleaved caspase-3 and cleaved caspase-9 in HepG2 cells (Figure [5](#fig5){ref-type="fig"}B). Besides, the cell viability of Hep3B cells was decreased from 63.47% (GA only) to 52.85% (GA + CQ) or 53.47% (GA + BAF), respectively ([Supplemental Figure 2](#notes-2){ref-type="notes"}). Taken together, these data suggest that GA triggers a protective autophagy in HCC cells.

![Inhibition of autophagy enhanced GA-induced cell death and apoptosis in HepG2 cells. (A) HepG2 cells were treated with indicated concentrations of GA for 24 h with or without pretreatment of CQ (10 μM, 1 h) or BAF (100 nM, 1 h). Cell viability was evaluated by MTT assay. (∗) *P* \< 0.05 and (∗∗) *P* \< 0.01. (B) HepG2 cells were treated with 40 μM GA for 24 h with or without pretreatment of CQ (10 μM, 1 h) or BAF (100 nM, 1 h). Cell extracts were analyzed for the levels of cleaved caspase-3 and cleaved caspase-9 by Western blot analysis.](jf-2014-03968k_0005){#fig5}

GA-Triggered Autophagy by Activation of ERK in HepG2 Cells {#sec3.4}
----------------------------------------------------------

To further determine the molecular mechanism of GA-triggered autophagy induction in HepG2 cells, we evaluated the activation status of ERK signaling, a critical pathway of autophagy induction.^[@ref30],[@ref31]^ Phosphorylated ERK (p-ERK) and total ERK were assayed after cells had been treated with different concentrations of GA. As shown in Figure [6](#fig6){ref-type="fig"}A, expression of p-ERK was concentration-dependently increased after treatment with GA for 24 h, indicating that GA activated ERK in HepG2 cells. In addition, we examined whether the activated ERK was critical for GA-triggered autophagy. Cells were pretreated with the MEK inhibitor (U0126 or PD98059), the p-ERK, as well as the GA-induced expression of LC3-II was decreased (Figure [6](#fig6){ref-type="fig"}B,C). Furthermore, the GA-induced AVO formation was also decreased after pretreatment with PD98059 (Figure [6](#fig6){ref-type="fig"}D).

![GA-triggered autophagy in HepG2 cells by activation of ERK pathway. (A) HepG2 cells were incubated with the indicated concentrations of GA for 24 h. Cell extracts were analyzed for phosphorylated ERK (Thr202/Tyr204), total ERK, and LC3 expression by Western blot analysis. (B, C) HepG2 cells were incubated with 40 μM GA for 24 h with or without pretreatment of U0126 (20 μM, 1 h) or PD98059 (20 μM, 1 h). Cell extracts were analyzed for phosphorylated ERK (Thr202/Tyr204), total ERK, and LC3-II expression by Western blot analysis. (D) Treated cells were stained with 50 μM MDC probe for 30 min, collected, washed, and resuspended. The intracellular fluorescence was quantified using flow cytometry.](jf-2014-03968k_0006){#fig6}

Inhibition of ERK Enhanced GA-Induced Cell Death and Apoptosis {#sec3.5}
--------------------------------------------------------------

We further studied the effects of the ERK pathway in GA-induced cell death and apoptosis. As shown in Figure [7](#fig7){ref-type="fig"}A, the cell viability of HepG2 was 69.79% after treatment with GA alone, whereas it decreased to 54.78% after combined treatment with PD98059 and GA. Furthermore, the expression of cleaved caspase-3 was more obvious in the PD98059 + GA group compared with the GA alone group (Figure [7](#fig7){ref-type="fig"}B).

![Inhibition of ERK enhanced GA-induced cell death and apoptosis. (A) HepG2 cells were treated with 40 μM GA for 24 h with or without pretreatment of PD98059 (20 μM, 1 h). The cell viability was evaluated by MTT assay. (∗) *P* \< 0.05 and (∗∗) *P* \< 0.01. (B) HepG2 cells were incubated with 40 μM GA for 24 h with or without pretreatment of PD98059 (20 μM, 1 h). Cell extracts were analyzed for cleaved caspase-3 expression by Western blot analysis.](jf-2014-03968k_0007){#fig7}

Discussion {#sec4}
==========

Targeted drug treatment is a novel promising strategy for HCC, which specifically delivers chemotherapeutic drugs to HCC and results in increased local concentrations and reduced side effects.^[@ref32]^ GA is an excellent ligand for HCC-targeting due to the abundant binding sites on the cellular membrane of liver cells.^[@ref14]^ Besides, GA exhibits potential anti-HCC effects by inhibition of proliferation and induction of apoptosis and cell cycle arrest.^[@ref11]^ Herein, we demonstrated that GA induced cell viability reduction, LDH release, and up-regulation of Bax and cleaved caspase-3, indicating that necrosis and apoptosis may contribute to GA-induced cell death. We also found, for the first time, that GA triggered the autophagic response in HCC cells as evidenced by obvious up-regulation of AVO formation by MDC staining and TEM detection, and by elevation of LC3-II protein expression by Western blot analysis and that cotreatment of GA and CQ or BAF caused an up-regulation of LC3-II protein expression.

The effects of autophagy, pro-survival or pro-death, are controversial in cancer.^[@ref33]^ In the progress of cancer cells, autophagy can be activated by hypoxia, starvation, and acid environment and act as a survival mechanism to protect cancer cells from those adverse environments.^[@ref21]^ However, excessive autophagy may result in cancer cell death.^[@ref34]^ The functions of autophagy induced by diverse compounds are also distinguishing.^[@ref35]^ For example, resveratrol and quercetin can induce a pro-survival autophagy in esophageal squamous carcinoma cells and gastric cancer cells, respectively,^[@ref28],[@ref36]^ whereas silibinin induces a pro-death autophagy in fibrosarcoma cells.^[@ref29]^ In the present study, we have demonstrated that GA triggered a protective autophagy in HCC HepG2 and Hep3B cells, as evidenced by the enhanced proliferative inhibition and/or apoptosis after blocking autophagy, which may be a mechanism for attenuating its anticancer effects or GA-modified TDDS loaded chemotherapeutic drugs. Besides, it has been reported that some nanoparticles can also induce protective autophagy in cancer cells.^[@ref37]^ These may partially explain why the GA-modified liposome nanoparticles loaded with docetaxel (0.7 μg/mL docetaxel) presented fewer antiproliferative effects compared with docetaxel alone^[@ref17]^ and why GA-modified sulfated chitosan nanoparticles loaded with doxorubicin (0.0039, 0.0156, and 0.0625 μg/mL of doxorubicin) showed fewer antiproliferative effects compared with doxorubicin alone in HepG2 cells.^[@ref38]^ Thus, the autophagic effects might be a mechanism attenuating anticancer effects. In terms of cancer treatment by GA-modified TDDS, combination of an autophagy inhibitor might be a valuable strategy for TDDS-based HCC therapy.

Recently, accumulating studies have indicated the activation of ERK results in autophagic induction.^[@ref39]^ The present study showed that ERK was activated after GA treatment. ERK activity was remarkably inhibited by pretreatment with MEK inhibitor (U0126 or PD98059), and the autophagic protein marker LC3-II and the formation of AVOs were decreased accordingly, indicating that GA, at least partially, induced autophagy in HepG2 cells by activation of ERK. It is notable that inhibition of ERK activity by U0126 or PD98059 and the GA-induced protein expression of LC3-II and AVO formation were still slightly observed, compared with control group (Figure [6](#fig6){ref-type="fig"}B--D), indicating other pathways might also participate in GA-induced autophagy, for example, the Akt/mammalian target of rapamycin pathway, which is one of the most important regulatory pathways for autophagy.^[@ref40]^ Moreover, as the Raf-MEK-ERK pathway (Raf activates MEK, which then activates ERK) is a classical signaling in cells,^[@ref39]^ how GA activates ERK warrants further study.

In summary, GA triggered a protective autophagy in HCC cells via activation of ERK, which might attenuate the anticancer effects of GA or GA-modified nanoparticle-loaded chemotherapeutics. The combined treatment with autophagy inhibitor and GA-modified nanoparticle-loaded anticancer drugs might be a promising strategy for HCC therapy.

Supplemental Figure 1. GA-triggered autophagy in Hep3B cells. Hep3B cells were treated with indicated concentrations of GA for 24 h. Cell extracts were analyzed for the expression of LC3 using Western blot analysis. Supplemental Figure 2. Inhibition of autophagy-enhanced GA-induced cytotoxicity in Hep3B cells. Hep3B cells were treated with indicated concentrations of GA for 24 h with or without pretreatment of CQ (10 μM, 1 h) or BAF (100 nM, 1 h). The cell viability was evaluated by MTT assay. (∗) *P* \< 0.05 and (∗∗) *P* \< 0.01. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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